ABSTRACT Wild Mediterranean fruit ßy specimens collected from various regions worldwide were screened for the glycine to alanine (Gly-ϾAla) point mutation (G328A) in the acetylcholinesterase enzyme, presumably causing resistance to organophosphates. We found that the single nucleotide polymorphism (SNP) responsible for this amino acid change is located at the beginning of exon 6 of the Ccace2 gene. The identiÞcation of the exact location of the SNP permitted PCR primer design around this site and direct sequencing of the corresponding genomic region. We detected the resistance allele in natural Mediterranean fruit ßy populations from Brazil and Spain, but not from other sites in four continents. The known treatment history of sites suggests that the resistance buildup is linked to organophosphate application in the Þeld. The PCR-based detection provides a screening method useful for monitoring Mediterranean fruit ßy insecticide resistance in local populations and improving pest management strategies accordingly.
The Mediterranean fruit ßy Ceratitis capitata Wiedemann is a multivoltine and highly polyphagous invasive species (White and Elson-Harris 1992) . The Mediterranean fruit ßy Þrst emerged from sub-Saharan Africa, from where it invaded the Mediterranean basin, and later spread to tropical regions in all continents (Malacrida et al. 2007) . It is considered one of the most economically damaging fruit ßy pests that is intensively treated with chemical insecticides combined with lure attractants (Jacas et al. 2010) . The most frequently used pesticides are organophosphates (OP) and carbamates (Carbs), which inhibit acetylcholine esterase (AChE), a crucial enzyme in the insect nervous system (Oakeshott et al. 2005) . Intensive treatments with OP pesticides and speciÞcally malathion resulted in resistance in Mediterranean fruit ßy populations, which was estimated at 2Ð30 fold tolerance in comparison to nontreated orchards. The Mediterranean fruit ßy resistance pattern has been associated with two mechanisms (Magana et al. 2008 ): 1) esterase-mediated metabolic detoxiÞcation of the insecticide (Kakani and Mathiopoulos 2008, Vontas et al. 2011) ; 2) a single point mutation, causing a glycine to alanine amino acid change at position 328 (G328A) in AChE causing target site insensitivity to the chemical compound (Magana et al. 2007 (Magana et al. , 2008 . A recent study also reported the development of a restriction fragment length polymorphism-polymerase chain reaction (RFLP-PCR) test for this SNP and established that the locus is duplicated, based on the Þnding of non-Mendelian segregation in a laboratory strain selected under malathion (Couso-Ferrer 2012) . Here, our aim is to establish the genomic context of the resistance mutation and to develop a tool to easily detect patterns of resistance in Þeld populations of the Mediterranean fruit ßy using the G328A SNP.
Materials and Methods
The gene sequence for Ccace2 was obtained using a cDNA sequence (GenBank FJ480224.1). The SNP causing the G328A mutation is at position 984 of this sequence. Blast searches of the short read archive (SRA: SRX016529) available at GenBank produced multiple hits, which were compiled for a sequence covering parts of the intron region between exon 5 and exon 6 of the Ccace2 gene. The resulting sequences were mapped against the recently released Mediterranean fruit ßy genome (http://www.ncbi.nlm.nih. gov/gene/101457905) and revealed a scaffold (scaffold 242) covering the Ccace2 gene. The intron boundaries found matched the genome annotations (citations? http://www.ncbi.nlm.nih.gov/Traces/wgs/ ?val ϭ AOHK01). The genome sequence of the region was used for primer design and ampliÞcation of the target.
We collected wild Mediterranean fruit ßy specimens from seven localities around the world at sites with known levels of insecticide treatment (Table 1) . DNA was extracted from individual specimens with the DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA) and quantiÞed using the Qubit 2.0 ßuorometer (Life Technologies, Carlsbad, CA). PCR reaction mix (20 l) included 14.86 l of ddH 2 0, 2 l of 10ϫ Buffer, 0.8 l of MgCl 2 (50 mM), 0.8 l of dNTP (10 mM), 0.04 l of BIOTAQ (Bioline, London, United Kingdom) DNA Polymerase, and 0.5 l of DNA template (50 ng/l), and 0.5 l (10 mM) of primers Ccace2-F: CTGACGACCCCATGAAAATG and Ccace2-R: CA AATTTTGTCTCATTCCTTAACTTTG. The PCR program had an initial denaturation step of 2 min at 94ЊC, followed by 35 cycles of 30 s at 94ЊC, 1 min at 58ЊC, and 1.5 min at 72ЊC. The PCR products were visualized on 1% agarose gel and sequenced using an Applied Biosystems 3730XL analyzer. The sequences were edited with GENEIOUS software v. 6.1.7.
Results and Discussion
The Ccace2 gene coding for AChE in the Mediterranean fruit ßy was recognized as a 200 kb region of the annotated genome assembly, comprising 9 exons with large introns. The gene organization is identical to other tephritid fruit ßies such as Bactrocera dorsalis (Hendel) (99%) and B. oleae (97%) in the region whose sequences are known from exon 2 to exon 9 (Vontas et al. 2011 ). The analysis showed that the C to G SNP causing the G328A amino acid change is located at the very beginning of exon 6, i.e., the Þrst position of the exon which constitutes the second codon position of the GlyÐAla codon that is split between exon 5 and exon 6 (position 851013 on scaffold Ccap.242 in the Mediterranean fruit ßy genome).
A total of 151 Mediterranean fruit ßy individuals (Table 1) were sequenced for the 100 bp region around the resistance site. The sequence variation revealed the presence of the putative resistance mutation (Gly) in individuals obtained from Brazil, Spain, and Tunisia (Table 1) . Some of the specimens apparently were heterozygous at that particular site (Fig. 1) .
The genome sequence does not provide evidence for a second copy of this gene, and we found no further variation other than the resistance SNP in any of these sequences, despite the fact that numerous individuals from the highly variable and presumed ancestral population in South Africa were used. If a second copy of the Ccace2 gene exists, it is either not picked up by the PCR assay, or the two copies are identical over the short region sequenced here.
Allele frequencies for the resistance state were highest in the population from Brazil that maintained an equal number of homozygotes for either morph (and a lower number of heterozygous). The Spanish populations had lower frequencies for the resistant allele and individuals usually were heterozygous. One of 27 individuals tested from Tunisia was also heterozygous ( Table 1 ). The resistance state was only observed in populations treated with malathion, but was absent from populations treated with spinosad or untreated populations. This is consistent with the dif- ferent mode of action of spinosad, which is a biopesticide targeting the binding sites on the nicotinic acetylcholine receptors. In the Spanish populations, treatment with malathion was discontinued after 2009, but the alternative organophosphate methyl chlorpyrifos was used in the following two years in rotation with spinosad and pyrethroids, before the sampling for the current study. It is not clear if there is cross-resistance of the organophosphates that would maintain the selection for the G328A allele. We therefore tested for HardyÐWeinberg equilibrium at the Ccace2 locus using a Chi-squared test (Rodriguez et al. 2009 ). Only for the Brazilian population there was a signiÞcant departure from HardyÐWeinberg equilibrium (P ϭ 0.0184; i.e., there is a 1.84% probability that the allele frequencies are random). Deviations from HardyÐ Weinberg frequencies were not signiÞcant in the Spanish populations (Table 1) , although these calculations were affected by small sample sizes. It is currently not known to what degree the heterozygous state confers resistance, which hampers the interpretation of these results. However, the fact that allele frequencies did not deviate signiÞcantly from HardyÐ Weinberg in the Spanish populations, unlike in Brazil where malathion treatment is ongoing (Table 1) , may suggest that these alternative treatments no longer exert selection on this locus, leading alleles acquired during years of malathion treatment to drift toward equilibrium (and ultimately loss). This Þnding matches other studies linking the development of resistance alleles to the frequency of chemical treatment as well as the amounts of the active ingredient in the pesticide formulation (Magana et al. 2008) . Our screening method based on direct sequencing of the SNP proved to be highly reliable at detecting the resistance allele even in the heterozygous state, i.e., if present at low frequencies in a population, as seen in the sample from Tunisia (Table 1) . Couso-Ferrer (2012) found the detection of the resistance mutation limited to populations in Spain, although individuals from Brazil and Tunisia were also tested, but it is unclear how many individuals were tested in that study. In addition, it is evident from the Þve populations from Spain studied here that allele frequencies change rapidly over small geographic distances, and therefore discrepancies between studies are to be expected if samples are obtained from different localities within a country.
Assessing the levels of widespread resistance in Mediterranean fruit ßy populations will be a key factor for choosing more efÞcient pest management strategies. On a wider scale, this can be achieved by allelespeciÞc quantitative detection of polymorphisms on pools of individuals (e.g., Kim et al. 2011 , Kwon et al. 2014 ). It will also allow a better understanding of possible cross-resistance to other alternative pesticides such as -cyhalothrin (Couso-Ferrer et al. 2011) .
The identiÞcation of the exact genomic location of the resistance point mutation in the Mediterranean fruit ßy genome will lead to a better characterization of the resistance mechanisms at the genomic level and an in-depth screening of any other possible secondary mutations occurring in the same gene. For instance, previous studies reported other point mutation in the AChE gene, such as the glycineÐserine substitution (G488S) and the deletion (⌬3Q) in B. oleae (Vontas et al. 2002) as well as the substitution (Q643R) found in B. dorsalis (Hsu et al. 2006 ). The present SNP mutation screening protocol possibly can be expanded to other tephritid fruit ßies given their similarities at the genomic level and propensity for developing insecticide resistance through the exact same amino acid change. 
